Potential forest-related information can be obtained from processing data obtained from laser scanning sensors making this technology extremely useful for forest management and environmental assessment. It is thoroughly documented in recent literature how specific forest characteristics can be estimated at stand, plot and single tree level using laser scanner surveys at corresponding scales. The high resolution models of the canopy surface and of the bare earth (terrain), as well as the information obtained related to the structure of the volume between these two surfaces, concur at offering a more complete source of information not only for direct forestry-related applications, but also for connected disciplines such as hydrology, engineering, forest disturbances analysis and ecological assessment. Having accurate and spatially distributed information over the above mentioned aspects give land assessment and management added value data to work with. Correct utilization of laser scanner data can lead to the assessment of many characteristics usually obtained by ground surveys. Ground-plots require significant expenditure in terms of human effort, economical investment and can be distributed on large areas only in limited number. The following paper shows the efforts which are being undertaken by scientific research towards testing laser scanner applications for forest and environmental sciences.
Introduction
Laser scanner sensors measure distances between the sensor emitting the laser pulse and the surface which is intercepted by the laser's light cone, thus returning the 3D coordinate of the position of that point on the surface. The frequency of the pulse emission is such that a large number of points are recorded per survey, therefore the dataset is usually referred to as point cloud. If the obstruction by the surface is only partial, as it is likely in the case of leaves in forest canopy, the pulse can penetrate, to a certain degree, and return a ground surface hit (Fig. 1a) . The resulting dataset is a point cloud representing all surfaces which were intercepted by the laser light cone with their reflectivity. A laser scanner sensor can be used to equip satellite vectors, airborne vehicles or static mounts on the ground. When on the air it is usually referred to as airborne laser scanner (ALS), whereas on the ground it is referred to as terrestrial laser scanner (TLS). LiDAR (Light Detection and Ranging) is the term which refers to using "time-of-flight" of the laser pulse as measuring system as opposed to other approaches such as structured light or interferometry. There is abundant literature relative to the principles of laser scanning technology [Crosilla and Galetto, 2003; Crosilla and Dequal, 2006; Heritage and Large, 2009] , to applications to various fields Vosselman and Maas, 2010] and to forestry in particular [Pirotti, 2009; Maas, 2010] . Nowadays certain laser sensors also provide the full return waveform, by digitizing the return pulse in a discrete time domain. This provides a full-waveform for the user to analyze, where the peaks represent the surfaces which cause reflection (Fig. 1b) . Depending on sensor characteristics and survey method the points have a certain density and positional accuracy. The former can vary depending on pulse repetition rate; to give an idea, today's sensors can give up to 2x10 5 measurements per second with an accuracy of 25 mm at a range of 150 m. The accuracy is referred to as the measurement accuracy, whereas the actual positional accuracy is usually around 10-20 cm at a flying altitude of 1000 m due to errors from position and orientation of the sensor/platform system. These characteristics are very important for many applications related to environmental assessment and earth modelling. Having a precise digital terrain model (DTM) and digital surface model (DSM) is fundamental for hydrology and geomorphology applications, as well as for assessing accessibility and terrain characteristics for mechanization in forest operations. The difference between the elevation of each pixel in the DTM and in the first return DSM gives the digital canopy model (DCM -synomimous of CHM). The relationship between the DCM and tree/canopy structure is well documented in literature - Popescu and Wynne [2004] , Barilotti et al. [2007] . The penetration ability of the laser permits to have also information of objects between the canopy top and the ground surface, thus providing important information which can be used to derive forest structure and even information on single-tree metrics if the point density is high enough. Forestry applications deal with the correlation between lidar-derived metrics and forest characteristics. The survey methods and resulting processing methods depend on the sensor used and on the point density [Dubayah and Drake, 2000] .
Laser scanner for forestry applications
The characteristics which are useful for forest management are usually surveyed by planning ground plots which are representative of the study area. Many of these characteristics can be inferred from laser scanner data obtained from aerial or ground surveys, depending on what specific metrics are of interest.
Terrestrial laser scanning
Terrestrial laser scanning provides high resolution models of trees limited to smaller areas compared to ALS. It is a well suited technology for detailed modelling tasks. The limiting factors are the density of trees, the presence of undergrowth, the morphology of the terrain and the limited area which can be scanned at each scan station. Many scan stations are necessary when large areas are to be covered. Obstruction due to undergrowth or other objects is a critical factor. The main metrics which can be collected from a TLS survey are tree positions, diameter at breast height (DBH), tree heights, stem profiles and stem models (Fig. 2) . Measurements can be done directly on the model, or statistical software (e.g. R) can be used for fitting shapes to the points automatically deriving forest inventory parameters [see Maas et al., 2008] . Bienert et al. [2006] have shown that 95% of trees can be detected on clean forest and DBH could be defined with an accuracy of 1.5 cm as well as tree heights with an accuracy of 80 cm. Maas et al. [2008] reported a similar accuracy on DBH (1.8 cm), but a worse accuracy on tree height measurement (2.07 m) when comparing LiDAR with hand-held tachymeter measures. This can be a promising technique for gathering information on small-scale plots as a way to bridge the gap between classic inventory techniques and airborne laser scanning surveys. The objective of our future research is to test methods for automatic extraction of dendrometric and structural information by segmenting points in different interest classes (i.e. stem, leaves, ground, low vegetation) and isolating points returned by noise. New possibilities from sensors with real-time full-waveform analysis -thus multiple returns from a single pulse -are being investigated. An accurate point classification can lead to better modelling of stems, which can be done by fitting mathematical shapes such as tetrahedrons or cones.
Aerial laser scanning
Using orbiting or airborne vehicles equipped with a laser scanner sensor permits to cover very large areas with varying point resolutions depending on the sensor's pulse frequency and the speed and flying height of the vehicle. Full-waveform and discrete return sensors give different data products, but both give data of interest for establishing relationships between forest metrics and laser metrics. In both cases the fundamental aspect is the possibility to record the geometric information of the canopy surface, of the ground, and of elements in between these two layers (i.e. the forest structure). Figures 3 and 4 give a representation of this type of information. The objective of research is to find optimal models for extracting metrics of interest for forestry-related applications (i.e. forest inventory, biomass assessment, single-tree detection). The metrics considered are above ground biomass, wide-area stem volume estimation, DBH, canopy density, tree height distribution and tree position. It is not our intention to report all methods which have been successfully investigated for each metric, but indications on methods can be found in [Dubayah and Drake, 2000; Maas, 2010] about LiDAR for forest application in general, [Hollaus, 2009] for stem volume estimation, [Persson et al., 2002; Barilotti et al., 2007] for tree position detection and canopy structure, [Hyyppä et al., 2004] for forest measurements. It can be inferred from literature that most practical investigations have been done in northern European countries, Canada and the U.S. Processing full waveform requires more steps than processing discrete return data because the digitized waveform has to be processed to extract information and points. This process requires a filter to decrease noise and Gaussian models to detect the peaks and their characteristic width and amplitude (see [Vosselman and Maas, 2010] for a review of methods and [Pirotti, 2011] for a review of forest-related applications). The number of points which can be extracted from a waveform depends on the method used, but it typically provides twice the amount of points as opposed to discrete return sensors [Reitberger et al., 2009] . The waveform can also be processed directly by extracting indices on the shape of the waveform itself , but this still as to be tested on different case studies. Research on this topic focuses on assessing which are the most applicable methods to waveform processing for extracting forest metrics. Not only which methods give best results, but also considering the method's processing time and degree of complexity for end users. 
Laser scanner for ecological assessment
Models relating species to habitats or biotic communities to biotopes are among the most important tools for natural resources planning and environmental assessment. Such models are based on data varying in precision and reliability according to the available resources and the study area extent. Professionals and scientists have traditionally relied on field data, digital terrain models, site conditions (soil, water, geology, climate, vegetation) or on remote sensed data: aerial photos or, more rarely, satellite images. LiDAR makes possible to obtain, on continuous and wide surfaces, important parameters of the stand structure that, usually, are the most time consuming to measure on the field. Canopy cover density and other canopy structure metrics surveyed on the field can be easily related with the canopy height obtained from a DCM grid made up of 1-25m 2 pixels. The availability of georeferenced field data should permit to find the relations between them and the remote sensed LiDAR data, and to verify the possibility to adopt DCM as a surrogate of field measured data. The relations and the variance proportion of the field surveyed data explained by the LiDAR data could be found by a simple linear regression. In an English study [Hinsley et al., 2002; Hill et al., 2004] about two species of tits (Parus major L. and P. caeruleus L.) the mean height calculated with LiDAR in 54 x 54 m plots centred on the surveyed nests, were associated with an index of reproductive success proportional to the habitat quality. This relation was extended over the whole forest to predict the habitat quality. The same criteria can be applied to realize habitat suitability maps for the management of animal and plant communities, like Graf et al. [2009] made for Capercaillie (Tetrao urogallus L.). The availability of data from combined sensors, (e.g. LiDAR and hyperspectal imagery), gives the possibility to add to stand structure variables also the stand composition [Bradbury et al., 2005] . A case study of integration between multispectral and LiDAR data in an Italian protected area is described in Dal Ponte et al. [2008] ; the author concludes that the elevation value of the first LiDAR return is very effective for the separation of species with similar spectral signatures but different mean heights, and propose a novel classification system, based on different possible classifiers that were able to properly integrate multisensor information. The fundamental role of the microhabitat heterogeneity for the community diversity is well known, especially for birds [Roland, 1976] . The DCM permits to calculate the spatial variability of the values, at habitat level, of some important attributes related to a taxon presence and abundance. From the DCM is possible to gain several information, also at landscape scale, like the boundary between woodland and not woodland land uses, or between different ecosystems, therefore quantifying with GIS the ecotone length, that could be a determinant of the animal species selection. Moreover, the height variability on the horizontal space, at spatial resolutions appropriate for the parameterization of the specieshabitat relations, can be gained from LiDAR. Figure 5 shows an example of heterogeneity mapping of tree canopy on a horizontal space, which could be useful to characterize the habitat of species affected by the forest stand structure variability, like the Hazel grouse (Tetrastes bonasia L.) [Åberg et al., 2003] . If the sensor can record not only the first and last return (necessary for extracting the DCM), but also intermediate returns, it is possible to obtain indices of vertical structural stand complexity that could be used as indices of habitat quality, as Clawges et al. [2008] have done for birds. However, the complete analysis of all the vegetation layers is possible only with full waveform LiDAR, that permits to map vegetation topography under the canopy and crown heights to within 1 m [Turner et al., 2003] . Beside the elevation, the record of several back pulses of the FW sensors, makes it possible to estimate the density of vegetation at different heights and a 3-d profile of the vertical stand structure. Hyde et al. [2006] demonstrated that the FW LiDAR sensors are capable to estimate, without the help of other sensors, the tree canopy cover and biomass, and have adopted the data from a 9-11 m footprint, as a base to draw a map of stand structure at landscape scale of animal habitats. Similar studies were conducted to predict bird species richness [Goetz et al., 2007] , density [Clawges et al., 2008] or habitat quality [Goetz et al., 2010] . Usually, these studies tend to identify, like the discrete data, first, the relations between the habitat quality and the measures derived from LiDAR data (density, mean height, canopy cover, biomass, etc.) then the relations between the latter and the field surveyed data, to verify their accuracy, which is normally good, even in ecosystems with rough and complex terrains [Hyde et al., 2005] . 
LiDAR-derived high resolution digital models for forest operation management
LiDAR has revolutionized the survey of accurate and high resolution elevation data over large areas. This adds value to the analytic competence of foresters to evaluate and design forest road networks and to plan forest operations. As reported by White et al. [2010] , the LiDAR data analysis offers several advantages for mapping road features. The detection of forest road under canopy was approached by considering the road as a continuous, linear voids in near-ground vegetation. The voids were identified using three-dimensional LiDAR points clouds [Lee et al., 2005] . More precisely, David et al. [2009] deals with road and pathway detection in a complex forested mountainous area by distinguishing automatically and semi-automatically the forest road seeds. As a consequence the full pathways were then defined and vectorized. The LiDAR point clouds were successively generated for each point of the pathways to estimate more accurately the road widths. At application level, the use of a LiDAR resolution between 2 and 3 points per square meter -with the relative derived DTM -is ideal for several basic analysis that can be carried out by forester using common GIS tools. The length, the centerline and the longitudinal profile of the forest roads can be easily detected just by interpreting the digital terrain model and the digital canopy model. White et al. [2010] reports on results of a comparison of the accuracy of road gradients calculated from a high resolution DTM (cell size 1 m) derived from LiDAR data with 2 points per square meter and road gradients derived by traditional DTM (cell size 10 m). The road gradients were calculated every 10 m segment of a forest road in a mountainous area located in Trento Province (Northeastern Italy). Unexpected values (gradient higher than 30%) were observed on the road gradients extracted from the traditional DTM. Instead the gradient derived by the high resolution DTM reported values with a not significant difference form the value calculated on the field. Also by comparing the two results, the gradient derived by the 10 m DTM are significant higher than the gradient derived by the high resolution DTM (Fig. 6) . The cable line layout for log extraction can be also previously studied by interpolating the DCM to identify the highest group of trees and by interpolating the DTM to determine the terrain profile. The extracted point of interest such as support and anchor trees can be then plotted as layer in a computer aided design file (CAD) to study the layout of the line or they can be exported into a spreadsheet in order to define the minimum clearance between the skyline and the terrain profile and to calculate support and anchor forces.
LiDAR for Geomorphology
Information about topography is one of the most critical issues in geomorphology. Several applications use surface morphology as the basis for earth surface processes analysis and modelling . Some features that can be recognized may reflect erosion/ deposition activity due to climate (rainfall) and/or geology (tectonic). Such analyses are accurate as much as accurate and detailed is the information that can be derived from topographic data. The availability of high-resolution topography given by laser scanners offers now the opportunity to better characterize and differentiate the landslide morphology and for the determination of the location and distribution of landslide activity [McKean and Roering, 2004; Ardizzone et al., 2007; Tarolli et al., 2010] , for the numerical modelling of shallow landslides [Tarolli and Tarboton, 2006] , for geomorphological mapping of glacial landforms [Smith et al. 2006] , for recognition of depositional features on alluvial fans [Frankel and Dolan, 2007] , for the characterization of channel bed morphology [Cavalli et al. 2008] , and for the the analysis of the hillslope-to-valley transition morphology and of the topographic signature of valley incision by debris flows and landslides [Tarolli and Dalla Fontana, 2009] . In the last few years, some researchers started to use high-resolution topography and landform curvature for channel head identification [Tarolli and Dalla Fontana, 2009] , and channel network extraction [Passalacqua et al., 2010; Pirotti and Tarolli, 2010; Sofia et al., 2011] . These works reconsidered the classical procedures for channel network extraction introducing new methodologies, and reaching more detailed results than those obtained in the past. Figure 7 shows the curvature map, calculated from 1 m DTM, and the related channel network extracted using the objective methodology proposed by Tarolli and Dalla Fontana [2009] and based on the threshold range identified as being n-times the standard deviation of landform curvature. In the same figure is also shown the reference network for a comparison with the extracted one. Looking at Figure 7a , one can easily feel how topographic signatures from high resolution LiDAR data better discriminate channel network (blue colour) from hillslope elements. These new methodologies for channel network extraction based on high resolution topography really represent an advance for automatic feature extraction, and so a future challenge for understanding earth surface processes. Figure 8 shows another example on the effectiveness of high resolution LiDAR derived topography in the recognition of earth surface features. In the analysis were considered some geomorphic features (surveyed in the field by DGPS) related to landslide crowns and bank erosion (Fig. 8c) . Figure 8a shows the map of maximum curvature, according to Evans' method [1979] , obtained with kernel of 21 x 21 pixels, while Figure 8b shows the best extraction obtained with a threshold value of 1.5 IQR (Interquartile Range) of maximum curvature. If one compares the extracted features with those surveyed in the field (Fig. 8c) , it is possible to observe how the main features were rightly detected. Obviously this is not a perfect extraction since a noise is present in the upper part of the study area. The methodology tends to recognize features where convex slope breaks are not related to instability . Nevertheless, this methodology should be considered as a first and relatively fast approach to slope instability mapping when using high-resolution topography and it can be used to interactively assist the interpreter/user on the task of shallow landslide and bank erosion hazard mapping .
Conclusions
The topic of LiDAR applications for forestry and environmental purposes is very broad. This paper's objective was to tie together recent developments over this field of research. It can be seen that the effort in further investigation is increasing and that LiDAR technology is still to be fully exploited, especially from a practical point of view. Many aspects of forestry and environmental analysis have included LiDAR data as part of the surveying protocols for various applications. Just to name a few: forest inventory, hydro-geological risk analysis, flood modelling, biomass and bioenergy quality and quantity assessment, ecological analysis, terrain modelling as a support to forest operations. To describe the main pivot-points of what has been reported and propose a focus for future research, we can state that the following facts can be considered important: -LiDAR technology is still improving, thus it is important to exploit new possibilities becoming feasible with new features (e.g. multi-return TLS, full-waveform analysis, LiDAR satellite ICESat2 with increased point density etc.).
-Protocols still have to be tested, especially in some countries, for importing LiDAR into existing workflows (e.g. in forest inventory).
-LiDAR surveys are costly and provide massive amounts of data, thus it is important to determine optimal characteristics (i.e. point density, necessity of multispectral information, to use full-waveform or not, etc.) for certain applications in order to achieve maximum efficiency both economically and from the point of view of processing methods. These considerations bring to the conclusion that a multi-disciplinary approach is essential when considering LiDAR as a way to gather the necessary data for analysis. 
